The optical properties of five metal phthalocyanines (MPcs) thin films (cobalt phthalocyanine (Pc), copper Pc, iron Pc (FePc), nickel Pc, and zinc Pc), were studied by spectroscopic ellipsometry. Thin films of these MPcs were evaporated in high vacuum onto glass substrates, quartz substrates, and silicon substrates. Spectroscopic ellipsometry measurements were performed in the wavelength range 250-800 nm. The absorption spectra were measured, and the film thickness and surface roughness were studied by atomic force microscopy. Determination of optical functions was performed by simultaneous fitting of the experimental data for samples on glass and silicon substrates. Fitting results using point-to-point fitting, the Lorentz model, the modified Lorentz model, the relaxed Lorentz model, and the dual Lorentz model were compared. Models with six oscillators were used to fit the optical functions of FePc, while five oscillators were used for the other four Pcs. It was found that modifications of the Lorentz model are more suitable for description of the optical functions of the MPcs compared with the conventional Lorentz model.
Introduction
Phthalocyanines (Pcs) are a common class of organic compounds. The first synthesis of Pc was reported in 1907 [1] . In 1930 the molecular structures of Pc and metal Pcs (MPcs) were found and confirmed. It was found that Pcs have many attractive properties: availability in high purity due to the ease of crystallization and sublimation; extraordinary thermal and chemical stability; attractive optical properties (intense absorption in the red and blue spectrum range, which makes them very pure blue pigments); and a large number of available compounds (there are more than 70 MPcs that are known) [2] . Because of these distinct characteristics, Pcs have been widely used as blue and green inks, as pigments for colouring plastics and metal surfaces, as dyes for clothing, and as catalysts in the oil industry [3] . In recent years, new applications have emerged for Pcs due to their semiconducting properties. They have been used in photovoltaic devices [1, [4] [5] [6] , photodetectors [7] , organic transistors [2, 8] , organic electroluminescence devices [9] [10] [11] , and sensors [12, 13] . Among small-moleculebased photovoltaic devices, the highest power conversion efficiency of 3.6% was reported for a copper Pc (CuPc)-based cell [4] . CuPc is also commonly used as a hole injection layer in organic light emitting diodes (OLEDs) [9, 10] . While the properties of CuPc are relatively well known, there are very few studies of other MPcs. It has been pointed out recently that nickel Pc (NiPc) is promising for organic photovoltaic applications [6] . Due to its relatively high hole mobility [6] , it is possible that NiPc may also find application as a hole injection layer in OLEDs. Other MPcs are also of interest for photovoltaic applications [1] . Therefore, determination of their optical properties is of interest in order to model the performance of organic optoelectronic devices as well as to design devices with improved performance (which would also require determination and modelling of the charge transport properties).
The absorption and luminescent properties of MPcs have been extensively studied, and their absorption spectra have been assigned to electron orbital transitions. However, little attention has been paid to the optical functions of MPcs, which have substantial impact on the performance of the devices based on MPcs like OLEDs and organic 0022-3727/04/050678+11$30.00 © 2004 IOP Publishing Ltd Printed in the UK photovoltaics. Even less effort has been made to model their optical properties. The optical properties of MPcs are very important for understanding their molecular structure and improving the performance of devices made with MPcs. The electronic structure and optical transitions in MPcs have been studied extensively. For most MPcs, five transition bands, labelled as Q, B, N, L, and C bands, were identified, and their corresponding energies are approximately 2, 3.6, 4.4, 5.0, and 5.9 eV [14] . Some MPcs may miss one or two of these bands. The absorption spectra of MPcs have been studied in vapour form [14, 15] , in solution [16] , and in solid state [17] [18] [19] [20] [21] . Although the absorption line shapes vary from case to case, they have several common peaks (transition bands). However, while the absorption spectra of a number of MPcs have been reported, studies of their index of refraction have been scarce. Schechtman and Spicer [18] obtained the extinction coefficient from the absorption data and then calculated the refractive index from the extinction coefficient by numerical Kramers-Kronig (KK) inversion. However, this method did not take into account the reflection loss during the absorption measurements. Furthermore, the extinction coefficient beyond the measured range, which is necessary to do the KK inversion, was obtained by extrapolation, and the calculated refractive index can differ from the real value by an arbitrary constant.
Reliable values of both real and imaginary parts of the refractive index can be obtained by SE measurements, but SE studies of MPcs have been limited mainly to CuPc and cobalt Pc (CoPc) [22] [23] [24] [25] [26] [27] . Moreover, these studies do not agree well with each other. Debe and Field [23, 24] studied CuPc in the range 400-800 with a 10 nm step, and the resulted extinction coefficient (k) agreed well with the measured absorption. Gu and Chen [25, 26] studied CoPc and CuPc thin films, in the range 550-800 nm with a 20 nm step, but their results are not consistent with other results reported in the literature. Pointby-point fitting was used to determine the optical functions in these studies. In our previous work [27] , we reported SE measurements of CuPc in the spectral range 1.55-4.1 eV and fitted the data using point-by-point fitting and conventional and modified Lorentz models (MLMs). Modelling of SE data for MPcs and organic compounds in general has been scarce [27] [28] [29] [30] [31] . The models used were the conventional Lorentz model (CLM) and its modifications [27] [28] [29] and the Forouhi and Bloomer model [30] . The latter has been used to fit the index of refraction of tris(8-hydroxyquinoline) aluminium over a narrow spectral range where only one absorption peak can be observed [30] . There were attempts to fit the absorption lines of MPcs with Lorentz or Gaussian models [19] . It was found that for some of the peaks the Lorentz model is more accurate and for others the Gaussian model is better. Therefore, it is likely that the CLM is not always the best choice for fitting the optical functions of MPcs. A numerically evaluated convolution of the Gaussian and Lorentzian models was also used to model the optical properties of organic thin films [31] , and the considerable inhomogeneous broadening contributions obtained were attributed to the high concentration of defects in evaporated polycrystalline Pc films.
In this work, SE was used to study the optical properties of thin films of five MPcs: CoPc, CuPc, iron Pc (FePc), NiPc, and zinc Pc (ZnPc). The film thickness and surface roughness were studied by atomic force microscopy (AFM). The optical functions were determined by simultaneous fitting of SE measurements for the thin films on glass and Si substrates. Measurements at different incident angles were performed to establish whether the samples can be considered isotropic. In addition to point-by-point fitting, the data were fitted with the CLM, the MLM, the relaxed Lorentz model (RLM), and the dual Lorentz model (DLM). The results obtained by the different models are compared and discussed. This paper is organized as follows. In section 2, the experimental details are given. In section 3, the models and data fitting procedure are described. In section 4, the results obtained are presented and discussed.
Experimental details
The experimental details of sample fabrication and characterization are described below.
Sample fabrication
Glass substrates with one rough surface and silicon substrates were used in the samples for SE measurements. The bottom surface of the glass substrates was made rough to suppress the reflection of incident light from the bottom surface during the SE measurements. The glass substrates were cleaned in an ultrasonic bath for 20 min in acetone, ethanol, and de-ionized (DI) water, respectively. Then the glass was washed in the ultrasonic bath for 30 min, sprayed with DI water for 10 min, soaked in DI water in ultrasonic bath for 30 min, and oven bake-dried for 1-2 h.
Lightly doped p-type Si wafers were cleaned by the standard procedure just before fabrication to prevent the growth of silicon dioxide on the surface. At first the wafers were put into DI water for the standard four-cycle dump-rinse to wet the wafer surface and remove particles. Then approximately 600 ml of H 2 O 2 was added to the H 2 SO 4 -H 2 O 2 bath. H 2 O 2 acts as a bubbler that helps remove particles from the wafer surfaces since it decomposes readily into H 2 O and O 2 (which causes the bubbling action). Then the wafer was immersed into the bath (10 : 1, H 2 SO 4 : H 2 O 2 at 120˚C) and left for 10 min to remove organic contaminants. After another four-cycle dump-rinse in DI water to rinse off the sulfuric acid prior to the HF clean, the wafers were carefully put into the HF bath (HF : H 2 O = 1 : 50) for 30 s to remove the oxide that was formed both in air and particularly in the sulfuric-peroxide bath. Finally, after another four-cycle dump-rinse in DI water, the wafers were put into a spin-dryer to dry.
The quartz substrates were used in the samples for absorption measurements and AFM measurements (for thickness determination). They were cleaned by the same procedure as the glass substrates. A Denton DV-502A highvacuum evaporator was used to fabricate thin films of MPcs. MPc powder was put in a tungsten boat, with three substrates (a quartz substrate, a glass substrate, and a Si substrate) placed on the substrate holder ∼20 cm above the evaporation source. The film thickness was monitored by a quartz detector near the substrates. The deposition rate was 1 Å s −1 , and the pressure in the chamber was 2 × 10 −6 Torr. The substrates were rotated during the deposition to enhance the thickness uniformity. The substrates were held at room temperature.
SE measurements
The SE measurements were conducted using a UVISEL spectroscopic phase modulated ellipsometer from Jobin Yvon Co. The studies on the luminescence and phosphorescence of MPcs [16, 32, 33] found very low quantum yields (10 −2 -10 −5 ), so that the contribution of emission of the MPcs to the SE measurements can be ignored. During the measurements, the incident angle was set to 70˚. For each sample, at least two points were measured, and for each point the SE data were taken from two perpendicular orientations in order to test the existence of in-plane anisotropy. Therefore four sets of data were taken for each sample to eliminate errors and to verify the isotropy of the films. The measurements were performed in the range 250-800 nm, with a wavelength interval of 2.5 nm. SE measurements with variable incident angles for NiPc were also performed with the incident angle changed from 45˚to 75˚, with a step of 5˚, in order to test the isotropy of the films. Due to the planar structure of each individual MPc, anisotropy would be expected in case of preferential molecule orientation in the films. Later, these data were fitted using same n and k to verify the isotropy of NiPc. The fitting results show that NiPc thin films can be described as isotropic (or have very small anisotropy). This is in agreement with the study of Barrett et al [22] , who found that CuPc films with a thickness below 80-100 nm can be considered isotropic.
Absorbance measurements
The absorbance measurements were conducted to determine the absorption spectrum of the MPcs as well as to verify the ellipsometry fitting results. A Lambda 20 UV/VIS spectrophotometer from Perkin Elmer was used for the measurement. Absorbance was measured in the range 250-1000 nm, with a resolution of 1 nm.
AFM measurements
An AFM was used to check the surface roughness of the MPc samples as well as to find out the thickness of the MPc thin films. A NanoScope scanning probe microscope, Model MultiMode, was used to perform the measurements. In order to measure the thickness of the thin films, the samples were scratched by a needle and the scratched surfaces were examined using the AFM. Quartz substrates were used in the samples for AFM measurements because of the high hardness of quartz. From the AFM images, the roughness of surfaces for all MPc films on quartz was found out to be around 2 nm.
Description of the model and the fitting procedure
The experimental data were first fitted using the Lorentz model, with the film thickness as one fitting parameter. The fitted thickness was verified by AFM measurements. The thickness values obtained were 48 nm for CoPc, 49 nm for CuPc, 56 nm for FePc, 45 nm for NiPc, and 36 nm for ZnPc. Then the fitted thickness was used to do the point-by-point fitting, which uses the same dielectric constants and the same thickness for both the sample on the glass substrate and the sample on the Si substrate. In such a way, the system is overdetermined, i.e. for each wavelength there are four equations to be satisfied, but only two parameters (n and k), so that the reliability of the obtained results is improved. After point-by-point fitting had been obtained, fitting with different models of the optical functions was performed. The CLM, MLM, RLM, and DLM were used.
The dielectric function in CLM is given by [27] [28] [29] 
where j is the number of Lorentzian oscillators and ω j , F j , and j are the peak frequency, strength, and broadening of the j th oscillator, respectively. The dielectric function defined by MLM is given by the following equations [27] 
where j is the number of Lorentzian oscillators and ω j , F j , and j are the peak frequency, strength, and broadening of the j th oscillator, respectively. Unlike CLM, where the width, , is a constant, in MLM, j is a function of frequency given by [27] 
where α j is the broadening factor of the j th oscillator. If α j = 0, then the j th oscillator is a Lorentz oscillator. When α j ∼ 0.2, the j th oscillator is a Gaussian-like oscillator. The dielectric function in RLM is given by [28, 29] 
where j is the number of oscillators and ω j , F j , j , and β j are the peak frequency, strength, broadening, and phase factor of the j th oscillator, respectively. It should be noted that in CLM the imaginary part of the optical function decays in the same way on both sides of a peak (ω > ω j and ω < ω j ). However, it was suggested that the MPcs may have asymmetrical peaks [20] . Asymmetry may exist on the higher and lower energy sides of the 1.98 eV peak of ZnPc as well as CuPc. Therefore, an asymmetrical model might be useful when fitting the SE data. To provide more freedom in choosing the shape of the absorption peak, we have proposed and tested an inherently asymmetrical model-DLM. The DLM is based on the classical Lorentz model. The parameter in the CLM represents the width of the oscillator. In the proposed DLM, each oscillator has two values, one for the lower energy side of the peak and the other one for the higher side. For each oscillator, the dielectric constant is assumed as below:
where E 0 is the oscillator frequency, F is the oscillator strength, and 1 and 2 are the two widths. However, detailed analysis shows that the above optical function is not consistent with the KK relation. In order to be consistent with the KK relation, only the imaginary part of the dielectric constant defined by the above equation is taken as the imaginary part of DLM, and the real part of DLM is calculated by KK inversion. A numerical KK inversion algorithm described in [34] was used. The fitting algorithm used for all models and point-to-point fitting was the simulated annealing algorithm.
We did not take into account surface roughness in modelling the data since no significant improvements were found with surface roughness correction when the data for films deposited on glass and Si substrates are fitted simultaneously. This is expected since AFM measurements of MPc films on quartz substrates revealed that the surface roughness was small, ∼2 nm for all five materials. However, since the surface roughness of MPc films is strongly dependent on the deposition conditions [35] , it is always advisable to perform AFM measurements to examine the surface before attempting to fit the ellipsometry data. If the surface roughness of a MPc is large, surface roughness correction using Bruggeman effective medium approximation (EMA) [36] is needed [27] . When a model for the dielectric function is used, surface roughness correction is straightforward [27] . However, when pointby-point fitting is performed, it is possible that keeping the thickness of the rough layer as a fitting parameter would result in different thickness at different wavelengths. This problem can be resolved by setting the thickness of the rough layer to a value determined from AFM measurements. However, it is possible that the estimate of roughness from SE data and AFM would be different. It was shown that the ratio between the roughness estimates obtained by SE and AFM depends on the window size in the AFM scan [37] . Therefore, surface roughness correction needs to be performed carefully to ensure good results. For substrate temperatures higher than room temperature, it may also be necessary to take into account the existence of larger microcrystallites that do not have a spherical shape by fitting the depolarization factor q (q = 1 3 in conventional EMA) [38] .
Results and discussion
The optical properties of different MPcs, as observed from the absorption spectra reported in the literature and measured by Table 1 . The model parameters for the CLM, the RLM, the MLM, and the DLM for CoPc. [19] , while only five oscillators were used in our study (six oscillators were used for FePc due to one additional transition in the Q band).
From the fitted values of the broadening factor, α, in MLM, it can be observed that not all the peaks are Lorentzian, some of them are Gaussian-like, and some have wings that decay slightly faster than the wings of a Gaussian function. This is consistent with the results in [19, 31] . The Lorentz model results from homogeneous broadening mechanisms in which all molecules have the same transition energy and are subject to the same relaxation processes. Gaussian bands, on the other hand, arise from an inhomogeneous broadening mechanism in which the molecular transition energy is shifted on a random basis. While the individual transitions may be Lorentzian, the overall spectra are not necessarily in the exact Lorentz lineshapes. The DLM can also achieve good fitting results but not better than MLM. Because the n, k values were obtained by interpolation, at the long wavelength side the curve is not smooth, but this problem can be solved by measuring the SE data with an equal frequency interval. The two fitted widths for an oscillator are not equal, which indicates that the oscillators are indeed asymmetrical. The RLM also obtains comparable results with MLM and DLM. For all modifications of the Lorentz model investigated here, the fitting results are superior to the CLM. However, no general recommendations other than Table 2 . The model parameters for the CLM, the RLM, the MLM, and the DLM for CuPc. Table 3 . The model parameters for the CLM, the RLM, the MLM, and the DLM for FePc. Table 4 . The model parameters for the CLM, the RLM, the MLM, and the DLM for NiPc. Table 5 . The model parameters for the CLM, the RLM, the MLM, and the DLM for ZnPc. that the CLM is inadequate for describing thin MPc films can be made since the performance of different modifications of the Lorentz model is similar. Unfortunately, unlike inorganic semiconductors, for which a variety of available models of optical functions exist, the choice of models for organic materials is very limited. Therefore, point-to-point fitting likely represents the best way to determine the optical functions, provided that the smoothness and continuity of the obtained optical functions are ensured. Due to possible multiple solutions, usually more reliable results are obtained from an overdetermined system, such as the fitting procedure used in this work. A modified Lorentz oscillator model can also achieve good agreement with the experimental results for all five MPcs, although the agreement is slightly worse than the point-to-point fitting. Due to its flexibility (i.e. adjustable broadening), this model can be recommended, provided that KK consistency is verified for large values of the α parameter [39] . Therefore, for fitting the optical functions of MPcs, either point-to-point fitting or some modification of the Lorentz model should be used, and in the case of a rough surface (which depends on the deposition conditions), it may be necessary to employ surface roughness correction. The unsuitability of the conventional Lorentz oscillator model is likely due to inherent inhomogeneous broadening contributions. Any kind of inhomogeneity, such as impurities, fluctuations of well width in quantum well structures, composition fluctuations, interfacial roughness, and non-periodicity, will give rise to Gaussian broadening [40, 41] . Since MPc films are polycrystalline, with grain size in the range 36-53 nm, depending on the deposition conditions [42] , it is expected that there would be some inhomogeneous broadening. This is in agreement with the study of Franke et al [31] . Also, it should be pointed out that the broadening due to exciton-phonon interaction has a Lorentzian shape only in the central part of the absorption peak [43, 44] . The actual lineshape is inherently asymmetric [43] and assumes a symmetric form only if the energy dependence of the parameters is disregarded. The general symmetric lineshape of an exciton can assume a form from Gaussian to Lorentzian, depending on certain materialdependent parameters and the temperature [44] . Therefore, it is expected that the modifications of CLM that take into account the existence of inhomogeneous broadening and/or peak asymmetry would result in an improved fit of the experimental data. The real and imaginary parts of the refractive index of CoPc, CuPc, FePc, NiPc, and ZnPc obtained are shown in figure 6 . The extinction coefficient obtained is in agreement with the absorption spectra of CoPc, CuPc, and NiPc reported in [19] as well as the absorption spectra of CoPc, CuPc, FePc, and ZnPc reported in [20] . The complex refractive index of CuPc shows very good agreement with the data reported in [45] . Two peaks in the k spectrum reported in [45] can be identified, 0.9 at 620 nm and 0.6 at 695 nm, which are in excellent agreement with our data showing k peak values of 0.9 at 617.5 nm and 0.59 at 690 nm. For FePc, both our results and the absorption measurements by Davidson [20] show that there are three transitions in the Q band, which justifies the assignment of six oscillators for FePc. The results obtained are also in good agreement with the other studies reported in the [17, 18, 24] with the exception of the data reported by Gu and Chen [25, 26] . That may be due to the different thicknesses in their work: the CoPc film they studied had a thickness of 631.85 nm and the CuPc film had a thickness of 1579 nm, which is much greater than those used in this study. Furthermore, the shape of extinction coefficient obtained in their work is not in agreement with the absorption spectra reported in the literature. MPcs have several polymoprhic forms, of which the two stable polymorphic crystalline forms, the α form and the β form, are the best known ones [17] . MPcs films sublimed at room temperature and a pressure less than 50 Torr are in the α form, while films sublimed at a high temperature (>300˚C) or at a higher pressure are in the β form. α films can be changed into β films by annealing the films at above 300˚C for several hours [46] . From the fabrication conditions and measured absorption spectra, the films studied here are most likely polycrystalline and in the α form [47] . In order to verify the crystallinity of the films, we performed x-ray diffraction (XRD) measurements using a Siemens D5000 x-ray diffractometer for 50 nm thick NiPc films. Figure 7 shows the results obtained. For films deposited on the glass substrate, the broad peak between 15˚and 35˚is due to the glass substrate. The results obtained are in excellent agreement with the previously reported results for NiPc films in the α form [6, 42, 48] . From XRD measurements, we determined the grain size to be ∼40 nm for the glass substrate and ∼37 nm for the Si substrate, which is in excellent agreement with previously reported studies for NiPc films deposited on unheated substrates [42, 48] .
While each Pc molecule is expected to be anisotropic due to its planarity, overall anisotropy is not expected for entirely random molecular orientations. The important question is whether the stacking is truly random in polycrystalline MPc films deposited at room temperature on glass and Si substrates. From XRD measurements, it can be seen that some preferential stacking can be detected [42, 48] . Since the films are not perfectly ordered, however, the expected degree of anisotropy is not fully clear. We have found that the optical constants of MPcs are dependent on the film thickness. For each MPc, several batches of samples were fabricated, with decreasing thickness. It was found that only for films with thickness below ∼60 nm could satisfactory fitting with the isotropic sample model be obtained. It is possible that with increasing thickness either there is some preferential ordering of crystallites causing anisotropy, or there are differences in the ordering of crystallites on the glass substrates and Si substrates, so that the measured SE data with glass substrates and Si substrates could not be fitted simultaneously. This is in agreement with the results of Barrett et al [22] , who found that thin (<80-100 nm) CuPc films can be described with an isotropic model, while for thicker films anisotropy needs to be taken into account. In their study, it was found that the deposited film consisted of small crystallites with random orientation in the plane of film. As the film thickness grows, the crystallites grow and become more closely packed, which results in anisotropy. It was suggested that for MPc films less than 100 nm thick, isotropic models are suitable, and for films larger than 100 nm, anisotropic models are needed. In our study, MPc films with thicknesses larger than 60 nm could not be fitted by the isotropic model.
In order to verify whether the samples with thickness below 60 nm are truly isotropic, we also performed the ellipsometry measurements for NiPc samples at different incident angles. Seven incident angles were tested: 45˚, 50˚, 55˚, 60˚, 65˚, 70˚, and 75˚. All the SE data were fitted point-by-point with the same n and k and the same thickness. The success of the fitting, combined with the comparison of the four sets of data for each sample, verified the isotropy or the insignificance of the anisotropy of NiPc films (figure 8). The fitting result is slightly worse for glass substrates than for Si substrates. There are several possible reasons for this. One possible reason is the calibration variation: calibrations for samples on glass substrates are usually more difficult than those for samples on Si substrates, due to the weaker signals, and so the SE data measured for samples on glass substrates are not as accurate as for samples on Si substrates. Another possible reason is a higher surface roughness of the films deposited on glass substrates. In order to verify this assumption, AFM measurements were performed. The AFM result confirms a higher roughness of the samples deposited on glass substrates, which is expected due to the higher roughness of the substrate itself (i.e. glass substrates are more rough than Si wafers).
Conclusions
We have performed SE measurements of thin films of five MPcs: CoPc, CuPc, FePc, NiPc, and ZnPc. The optical functions of MPcs were extracted using point-topoint fitting, the conventional Lorentz oscillator model, the modified Lorentz oscillator model, the RLM, and the DLM. The data for the films deposited on Si and glass substrates were fitted simultaneously. While all the modifications of the Lorentz model performed better compared with the CLM, the performance of the different modifications is rather similar. Therefore, the only definite conclusion that can be drawn is that MPc thin films cannot be adequately described with pure Lorentzian oscillators. The isotropic model was sufficient for the films with thickness below 60 nm, which is in agreement with previous reports in the literature on CuPc. The validity of the isotropic model was verified by performing measurements for different incident angles. The measured spectra of films on Si and glass substrates for incident angles from 45˚to 75c an be fitted successfully with the isotropic model, indicating that if there is any anisotropy in these films it is negligible for sufficiently thin samples.
